arately. However, a highly synergistic relationship was found between pyruvate + oxaloacetate and pyruvate + 3-phosphoglycerate for inducing light-dependent C02 fixation in the mesophyll preparations. Highest rates of C02 fixation were obtained with protoplast extracts. Pyruvate, in combination with oxaloacetate or 3-phosphoglycerate induced light-dependent rates from 150 to 380 umoles of CO2 fixed/mg chlorophyll hr which are equivalent to or exceed reported rates of whole leaf photosynthesis in C4 species. Concentrations types: the mesophyll and bundle sheath cells. It is proposed that atmospheric CO2 is initially fixed in the mesophyll cells by PEP2 carboxylase with the formation of OAA and subsequently malate and aspartate. The C4 acids would be transported to the bundle sheath and decarboxylated, forming a concentrated CO, pool for subsequent refixation via the Calvin pathway (8, 13) .
Much of what is known about the intercellular operation of the C, pathway has come from studying the distribution of enzymes between the two cell types (4, 5, 7-10, 12, 24-26) . The argument still persists, however, that enzyme distributions do not establish a metabolic pathway. For studying the photosynthetic functions of the two cell types, either isolated chloroplasts or cells can be used. Bundle sheath cells enzymatically isolated from a number of C4 species fix CO2 without added organic substrates at rates which correlate with the level of photosystem 11 (27, 29) . The products of bundle sheath CO2 fixation suggest carbon assimilation by the Calvin pathway (8, 21 , 37, Huber and Edwards, unpublished data). In vivo, C, acids would serve as the primary source of CO, for the Calvin pathway in bundle sheath cells, a proposal supported by the capacity of bundle sheath cells of various C4 species to decarboxylate malate at rates equivalent to the rate of whole leaf photosynthesis (19) and evidence that malate can serve as a carboxyl donor to the Calvin pathway (21) .
In species such as maize, sugarcane, and Digitaria sanguinalis, pyruvate-a product of malate decarboxylation by NADP-malic enzyme in bundle sheath cells-is proposed to be transported from the bundle sheath to the mesophyll cells and converted to PEP by pyruvate Pi dikinase. The PEP thus formed is the substrate for the fl-carboxylation in the mesophyll cells. The operation of a /3-carboxylation pathway in C, mesophyll cells is supported by localization of PEP carboxylase, pyruvate Pi dikinase, and certain other enzymes in mesophyll cells (5, 12, 15, 24, 25) and the ability of C4 mesophyll chloroplasts to convert pyruvate to PEP (22) .
However, attempts to demonstrate pyruvate-induced CO, fixation in isolated mesophyll cells or chloroplasts have provided low rates (6, 10) , and doubts have been raised as to the functional role of C4 mesophyll cells in vivo (30 (27) . The assay solution, the same as that used for CO2 fixation studies, was agitated by a magnetic stirrer. Light was provided by a 150-w General Electric projector flood lamp giving a quantum flux density of roughly 120 nanoeinsteins cm-' sec-' between 400 and 700 nm at the surface of the cuvette.
CHROMATOGRAPHY OF END-PRODUCTS
The products of protoplast extract fixation were determined after 10 min of 14C02 fixation by killing the reaction mixture with 1 ml of 0.2% 2,4-dinitrophenylhydrazine in 2 N HCl. After 30 min, the phenylhydrazone derivatives were extracted into 2 ml of chloroform-ethanol (4:1) . The organic phase containing the phenylhydrazone derivatives was concentrated and chromatogramed on one-dimensional strips in butanol-ethanol-0.5 N NH40H The addition of PEP at a concentration of 1 mm induced high rates of CO2 fixation in mesophyll cells and protoplasts in both light and dark with slightly higher rates in the light. Ribose-5-P and ribose-5-P + OAA were checked for induction and found not to induce significantly with either of the preparations. Typical kinetics of CO2 fixation by mesophyll cells, protoplasts, and protoplast extracts are shown in Figure 1 . When mesophyll cells are supplied with either pyruvate or OAA, light-dependent CO2 fixation is low; however, when supplied with pyruvate + OAA, CO2 fixation is enhanced and becomes linear with time up to 30 min (Fig. la) . Mesophyll protoplasts, unlike mesophyll cells, exhibited a time lag of 4 to 6 min before maximum CO2 fixation occurred (Fig. lb) . After the initial time lag, fixation proceeded linearly when the protoplasts were supplied with pyruvate + OAA, or pyruvate + OAA + PGA. The time lag of CO2 fixation which was often seen with mesophyll protoplasts was unaffected by a 5-min preincubation in the light (data not shown). When only pyruvate was added, fixation was relatively low.
In contrast to mesophyll cells and protoplasts which, when supplied with pyruvate + OAA fixed CO2 linearly for at least 20 min, protoplast extracts under optimum conditions fixed CO2 linearly up to about 12 min (Fig. 1 c) .
Composition of Reaction Mixture. Parameters of the reaction mixture, such as pH, salts, and the osmoticum, were checked for maximum induction when pyruvate + OAA were added. A strong pH dependence of CO2 fixation was found with mesophyll cells, whereas the fixation by mesophyll protoplasts and protoplast extracts exhibited nearly identical pH curves, with a broad peak of activity centered at pH 7.5 ( Fig.  2) . Other experiments were performed at pH 7.5.
The addition of Pi and Mg2" was found to be important for maximum rates with the three mesophyll isolations (Fig. 3 ). As shown in Figure 3a , 1 mm Pi was saturating for all three preparations. (Fig. 5a ). When DCMU was added to a reaction mixture that contained pyruvate alone, the rate of CO2 fixation was enhanced. The enhancement by DCMU of the pyruvate-induced CO, fixation was unexpected; however, this experiment has been repeated several times with similar results. Although there was some variation in the level of pyruvate induction with day to day experiments, the DCMU stimulation was consistent.
Plant Physiol. Vol. 55, 1975 The enhancement of the pyruvate-dependent CO2 fixation by PGA was also found to be sensitive to DCMU (Fig. 5b) . Stoichiometry of CO2 Fixation and 02 Evolution. The stimulation of pyruvate-dependent CO2 fixation by PGA and OAA in C4 mesophyll preparations appears to be related to noncyclic electron transport, because the stimulation is DCMU sensitive.
In order to test the relationship between light-dependent 02 evolution and CO2 fixation, these parameters were measured simultaneously with various substrates. In the presence of pyruvate alone there was no light-induced 02 evolution with protoplast extracts, but rather a low rate of light-induced 02 consumption (5 (Table I) , which is consistent with intercellular enzymes studies suggesting a lack of an independent CO2 fixation cycle and lack of RuDP carboxylase in mesophyll cells (4, 5, 10, 12, 25) . Pyruvate is proposed as the precursor for the C, pathway in mesophyll cells, but the induction of CO2 fixation by pyruvate with the three mesophyll preparations was relatively low (Table I) (28) .
Composition of Reaction Mixture. The composition of the reaction mixture was found to be important but relatively simple for obtaining high rates of light-dependent CO2 fixation. Inorganic phosphate and magnesium were required. Avron and Gibbs (2) showed that free magnesium ions inhibited photosynthetic CO2 fixation in spinach chloroplasts, and that magnesium and EDTA could be eliminated without loss in activity. In the present studies, low levels of magnesium stimulated the pyruvate induction of CO2 fixation. In this case the magnesium stimulation may be due to the magnesium requirement of the cytoplasmic PEP carboxylase (35) or of other enzymes of the C4 pathway. However, further studies are needed to determine the role of magnesium and also possible interactions between EDTA, magnesium, and manganese.
Mesophyll protoplasts and protoplast extracts showed rather broad pH optimums of CO2 fixation centered at pH 7.5 with pyruvate + OAA, whereas mesophyll cells-for reasons unknown-have a double peak of activity which resembles the pH dependence of OAA-induced 02 evolution with crabgrass mesophyll cells (33) .
The induction of CO2 fixation with all three mesophyll preparations in the absence of exogenous ADP and NADP is the best indication that endogenous nucleotides are retained (and are turning over) and that membrane integrity has not been lost.
Characteristics of Substrate Saturation. Because pyruvate Pi dikinase and NADP-malate dehydrogenase are chloroplastic enzymes (11, 15, 20) , CO2 fixation would require pyruvate uptake through the plasma membrane with mesophyll cells and protoplasts, and pyruvate uptake into the chloroplast with mesophyll cells, protoplasts, and protoplast extracts. Therefore, any determinations of the substrate concentrations required to give half-maximum reaction velocities represents both the Km of the enzyme for the substrate and any permeability barriers encountered. In the fixation of CO2., HCO.-would not need to be taken up by the chloroplasts in our preparations, because PEP carboxylase was extrachloroplastic. The observation that chloroplast preparations saturated at lower levels of HCOthan mesophyll cells and mesophyll protoplasts (Fig. 4e) Products of CO, Fixation. Consistent with the proposed function of the C4 pathway in mesophyll cells of C, plants is our finding that Co acids are the primary products of CO2 fixation with protoplast extracts (Table II) . Malate, the proposed transport metabolite from mesophyll to bundle sheath cells, accounted for 22 to 46% of the total CO2 fixed. The percentage of the total incorporated radioactivity found in malate was lowest when exogenous OAA was added; this condition is predictable, because the exogenous OAA would dilute the "C-OAA produced by CO2 fixation and compete with the '4C-OAA for reduction to malate. Malate was a significant product (46%) when a combination of pyruvate and PGA was added to the chloroplast reaction mixture. This result suggests that the pyruvate + PGA induction also involves significant OAA reduction to malate.
In studies with whole leaf photosynthesis, it has been determined that D. sanguinalis, as with most C4 plants, forms both malate and aspartate as early photosynthetic products (23) . In our studies with protoplast extracts, appreciable amounts of aspartate were detected only when pyruvate was added alone, a condition in which the level of OAA generated may be too low to rapidly utilize the NADPH for reduction to malate. In NADP-malic enzyme species such as crabgrass, maize, and sugarcane, the nature of the rapid aspartate formation is unclear, although these species have substantial levels of aspartate aminotransferase in mesophyll cells (11, 20, 23, Gutierrez and Edwards, unpublished Although unexpected, the stimulation of the pyruvate induction by DCMU is compatible with previous evidence for a DCMU stimulation of cyclic photophosphorylation in spinach chloroplasts (1) . The lack of inhibition by DCMU suggests that the ATP for the pyruvate induction is generated by cyclic photophosphorylation. DCMU did inhibit the OAA and PGA enhancement of the pyruvate-dependent CO2 fixation, which suggests that OAA and PGA stimulate CO2 fixation by inducing ATP synthesis through coupled noncyclic electron flow (Fig.  5) . The results suggest that when noncyclic electron flow is low (either low levels of OAA and PGA or inhibition by DCMU), cyclic photophosphorylation is the major source of ATP. However, from the present experiments, we cannot estimate the contribution of cyclic photophosphorylation under conditions for optimum noncyclic electron transport (i.e. saturating OAA or PGA). By measuring O2 evolution and CO2 fixation simultaneously by mesophyll protoplast extracts with various substrates, the relationship between CO2 fixation and substrate reduction was tested. With pyruvate there was no induction of 02 evolution with mesophyll protoplast extracts of D. sanguinalis, although some CO2 fixation occurred. This result suggests that under these conditions cyclic photophosphorylation provides the ATP for pyruvate conversion to PEP, a conclusion supported by lack of DCMU inhibition of the pyruvate induction (Fig.  7a) . OAA, at 0.5 mm, did not induce photosynthetic 02 evolution in mesophyll preparations, whereas 0.5 mm OAA in combination with 5 mm pyruvate induced high rates of 02 evolution paralleled by CO2 fixation with an 02/C02 ratio approximating 0.5 (Fig. 6) . The failure of OAA alone to induce the Hill reaction in our studies does not agree with the results of Hatch and Kagawa (15) and Salin et al. (33) , in which OAA was reported to induce photosynthetic 02 evolution with C4 mesophyll preparations. We interpret this discrepancy as indicating that in their experiments either OAA generated enough pyruvate due to OAA lability to give some pyruvate + OAA induction, or the OAA induction occurred through uncoupled noncyclic electron flow in which there was no synthesis of ATP, or both.
The ratio Of 02 evolved/CO2 fixed with pyruvate + OAA approximated 0.5 and agrees well with a proposed stoichiometry of noncyclic electron flow for ATP and NADPH synthesis of 2 ATP and 1 NADPH for 0.5 0°evolved (18, 31, 39) , and the energy requirements for conversion of pyruvate + CO2 to malate. This relationship is illustrated in Figure 7b . Pyruvate + PGA also induced both light-dependent 02 evolution and CO2 fixation with a stoichiometry of about 0.75 ,umole 02 evolved/,!mole CO. fixed. Assuming 1 NADPH and 2 ATP generated per 0.5 0°evolved, and considering that PGA reduction to triose phosphate would require 1 ATP and 1 NADPH, a net of 1 ATP would be generated per 0.5 0, evolved, which could be used for pyruvate conversion to PEP. The theoretical stoichiometry for 02 evolution to CO, fixation in the pyruvate + PGA induction system is shown in Figure  7c , in which case the ratio of 0, evolved/CO2 fixed would be 1. We observed a lower ratio, about 0.75, with the pyruvate + PGA induction and also found that about half of the CO2-fixation products with pyruvate + PGA were malate (Table  II) . Therefore, in the pyruvate + PGA induction of CO2 fixation, a combination of the reactions shown in Figure 7 , b and c, may be occurring due to the rapid formation of OAA. This complexity, in addition to some dark induction by PGA, may tend to lower the 02/CO2 ratio below the theoretical value of 1. Additional experiments are needed with various combinations of substrates in which labeled OAA and PGA are used and the rate of product reduction evaluated with respect to the rate of 02 evolution and CO2 fixation.
In considering the energy requirements for CO2 fixation in D. sanguinalis, an NADP-malic enzyme species, 5 ATP, and 2 NADPH are suggested per CO2 fixed (2 ATP for the C, cycle and 3 ATP, 2 NADPH for the Calvin cycle) (8, 29) . The requirements for 2 NADPH/CO2 fixed would correspond with 1 02 evolved giving the expected 02/CO2 of 1. This requirement is based on the assumption that all carbon flow is through the Calvin pathway and for each CO2 fixed by RuDP carboxylase in bundle sheath cells the resulting products, 2(3-PGA), would require 2 NADPH for reduction. Half of the requirement for reductive power would come from mesophyll cells in the form of malate, which would generate equivalent amounts of CO2 and NADPH through NADPmalic enzyme in the bundle sheath cells. Due to relatively low levels of photosystem II in bundle sheath cells of NADPmalic enzyme species, part of the PGA formed in bundle sheath cells may be transported to mesophyll cells for reduction (29) in which case the PGA induction of noncyclic electron flow could provide additional ATP for pyruvate conversion to PEP. This additional generation of ATP would seem in excess of that needed, because the energy proposed from noncyclic electron transport would satisfy the requirements for conversion of pyruvate and CO2 to malate (Fig. 7b) 
